Integration, excision, and inversion of defined DNA segments commonly occur through site-specific recombination, a process of DNA breakage and reunion that requires no DNA synthesis or highenergy cofactor. Virtually all identified site-specific recombinases fall into one of just two families, the tyrosine recombinases and the serine recombinases, named after the amino acid residue that forms a covalent protein-DNA linkage in the reaction intermediate. Their recombination mechanisms are distinctly different. Tyrosine recombinases break and rejoin single strands in pairs to form a Holliday junction intermediate. By contrast, serine recombinases cut all strands in advance of strand exchange and religation. Many natural systems of site-specific recombination impose sophisticated regulatory mechanisms on the basic recombinational process to favor one particular outcome of recombination over another (for example, excision over inversion or deletion). Details of the site-specific recombination processes have been revealed by recent structural and biochemical studies of members of both families. 
INTRODUCTION
Site-specific recombination describes a variety of specialized recombination processes that involve reciprocal exchange between defined DNA sites. In its strictest definition (as used in this review), site-specific recombination involves (a) two DNA partners, (b) a specialized recombinase protein that is responsible for recognizing the sites and for breaking and rejoining the DNA, and (c) a mechanism that involves DNA breakage and reunion with conservation of the phosphodiester bond energy (i.e., lacking a requirement for either DNA synthesis or a high-energy nucleotide cofactor). The prototypes of sitespecific recombination (thus defined) are the integration of bacteriophage λ into the Escherichia coli chromosome (1), the resolution of cointegrates derived from transposition of Tn3-related transposons (2) , and the DNA inversions responsible for flagellar phase variation in Salmonella (3) . [The strict definition excludes several other specialized recombination processes that have, on occasion, been described as site-specific; these include (a) VDJ recombination catalyzed by the RAG1/2 proteins during the development of the immune system; (b) most DNA transposition events (even when a specific target site is used), including integration of retroviral cDNAs; and (c) the "homing" of mobile introns.]
Depending on the initial arrangement of the parental recombination sites, site-specific recombination has one of three possible outcomes: integration, excision, or inversion (Figure 1) . Integration results from recombination between sites on separate DNA molecules (provided that at least one of the parental chromosomes is circular) and occurs with a uniquely defined orientation. For sites located on the same chromosome, the outcome is determined by their relative orientation. Thus, excision results from recombination between sites in a head-to-tail orientation, whereas inversion results from exchange between inverted (head-to-head) sites. The three structural outcomes are used for a wide variety of purposes in biological systems. Most commonly, the use of sitespecific recombination by an organism or a genetic element is driven by a primary need to physically join or separate DNA segments. In addition to phage integration and excision, and cointegrate resolution, examples include reduction of replicon dimers to monomers and DNA transposition (see Table 1 ). However, site-specific recombination is also used as a means of activating or switching gene expression as well as a means of generating genetic diversity through the acquisition of advantageous genes or gene segments.
THE MECHANISM OF SITE-SPECIFIC RECOMBINATION: AN OVERVIEW
The process of site-specific recombination can be divided into a series of conceptually simple steps. The recombinase binds to the two recombination sites. The two recombinase-bound sites pair, forming a synaptic complex with crossover sites juxtaposed. The recombinase then catalyzes cleavage, strand exchange, and the rejoining of the DNA within the synaptic complex. Finally, the synaptic complex breaks down, releasing the recombinant products.
From this description, it follows that the minimal components of a site-specific recom- The three possible outcomes of site-specific recombination.
bination system are a recombinase and a pair of recombination sites. The simplest sites are short duplex DNA segments, 20 to 30 bp in length, which contain an inverted pair of recognition sequences and bind one dimer (or two monomers) of the recombinase. Such sites contain at their center the point of DNA breakage and joining, and these are often referred to as the crossover sites. In nature, however, many recombination sites are more complicated, containing not only a crossover site, Excision: for developmentally regulated gene activation in Bacillus subtilisbut also additional sequences spanning 100 or more base pairs. Such a complex site may operate in combination with a simple crossover site [as with λ integrase (λ Int) during integration] or with another complex partner (as with γδ resolvase). The extra DNA contains additional sites of protein recognition and may bind more copies of the recombinase or other protein factors encoded by the host cell or by the genetic element (e.g., phage or transposon) associated with the recombination system. The purpose of these additional DNAbound proteins may be regulatory, structural, or both. They may initiate or stabilize the pairing of recombination sites or inhibit inappropriate pairings; they may deliver recombinase catalytic domains to the crossover site; they may activate the recombinase; and they may determine the directionality of recombination (for example, promoting deletion but preventing inversion, or vice versa).
As indicated above, breakage and rejoining of DNA in site-specific recombination occur with no loss or gain of nucleotides and with strict conservation of phosphodiester bond energy. To achieve this, a mechanism analogous to that of a topoisomerase is used; DNA strands are broken not by hydrolysis but rather by direct phosphoryl transfer to a side chain of the recombinase. This side chain, a tyrosine or a serine in all characterized cases, directly attacks the DNA sugar-phosphate backbone at the crossover site in a transesterification reaction, forming a covalent recombinase-DNA intermediate on one side of the break and a free hydroxyl group on the other. Rejoining the DNA strands is accomplished by reversing the process; the free hydroxyls from one recombination partner directly attack the phosphodiester linkage between recombinase and DNA of the other partner, releasing the recombinase and sealing the breaks to produce recombinant products. Intriguingly, the details of the process differ depending on whether the recombinase uses a tyrosine or a serine as the attacking nucleophile (see below).
TWO FAMILIES OF RECOMBINASES WITH DISTINCT MECHANISMS OF STRAND BREAKAGE, EXCHANGE, AND REUNION
Despite the many and distinct roles that sitespecific recombination plays in biology and the large number of systems that have been identified, comparisons of the recombinase amino acid sequences indicate that nearly all fall into two families-the tyrosine recombinases (also known as the λ integrase family) (4) and the serine recombinases (also known as the resolvase family, named after the cointegrate-resolving recombinase encoded by transposons such as Tn3 and γδ) (5) . Intriguingly, the tyrosine recombinases are also related to the eukaryotic type IB topoisomerases. The two recombinase families are unrelated in protein sequence or structure and employ different recombinational mechanisms; each family appears to have arisen and evolved separately.
There are interesting similarities and differences in the catalytic mechanims used by these recombinases. In both cases, DNA is cleaved by nucleophilic displacement of a DNA hydroxyl by a protein side chain (Figure 2) . From studies of model compounds and other enzymes, the phosphotransfer reactions themselves are assumed to occur through the in-line nucleophilic displacement of one hydroxyl group by another with a pentacoordinate transition state. The degree of excess negative charge on the nonbridging oxygens in the transition state (relative to the ground state) depends on the degree of simultaneous bond formation to the nucleophile and the leaving group. For phosphodiesters, such as DNA, both bonds are probably only partially formed in the transition state (6) . In the tyrosine recombinases, the DNA's 5 bridging O is displaced to create a phosphotyrosyl bond to the 3 end of the broken DNA strand, whereas in the serine case, the 3 bridging O is displaced to form a 5 phosphoserine linkage. Unlike many phosphotransferases,
Figure 2
Phosphoryl transfer reactions catalyzed by (a) tyrosine and (b) serine recombinases. Cleavage is assumed to proceed through the in-line nucleophilic displacement of a DNA hydroxyl by the relevant protein side chain, and ligation by the reverse reaction. The cleavage direction may be assisted by a general base to accept a proton from the attacking side chain and by a general acid to protonate the leaving DNA oxygen (and vice versa for the ligation reaction). Their probable identities are discussed in the text for the tyrosine recombinases and are as yet unkown for the serine family. Both enzymes also position conserved arginine residues near the scissile phosphate, which may localize it and may stabilize the transition state geometrically and/or electrostatically. The nonbridging oxygens in the transition state are each given a formal negative charge for artistic simplicity; the degree and distribution of charge is not known in detail. neither of these recombinase families exploit divalent metal ions for catalysis. Instead, they surround the scissile phosphate with several highly conserved positively charged amino acid side chains. Both recombinase types may also employ general/acid base catalysis, although experimental evidence for this is limited so far to the tyrosine family (discussed below).
The serine recombinases introduce double-strand breaks at both crossover sites; all strands are broken before any exchange is initiated (7) . In contrast, the tyrosine recombinases only cleave one strand of each duplex at a time: After each crossover site is nicked, it must be joined to its partner before the second strand can be cut. This produces a cross-strand intermediate called a Holliday junction (8, 9) .
TYROSINE RECOMBINASES
Tyrosine recombinases are most widespread among prokaryotes but are also found in archaea and even eukaryotes, where examples have been described in fungi, ciliates, and, most recently, certain families of retrotransposons (4, 10) . The size of the family is illustrated by a recent iterative PSI-BLAST search (10a) that yielded ∼1000 clearly related sequences.
The tyrosine recombinases share a catalytic domain with recognizable sequence motifs (4, 11) . Structural studies have shown that the fold of the entire domain is well conserved even when the sequence identity outside of the active site region is insignificant. Although some family members, such as FimB and FimE, contain only this domain, in most the catalytic domain is preceded by a variable N-terminal domain that helps bind DNA. Some, such as λ Int, have a second N-terminal domain that binds different DNA sites, and sequencing projects are sure to reveal even more variety: For instance, database searches found two tyrosine recombinases of unknown function whose catalytic domains are followed by putative molybdate-binding domains (12) .
The catalytic domain is shared with at least two other classes of enzyme. Members of the first, type IB topoisomerases, function as monomers to release supercoiling tension in DNA by cleaving and religating just one strand of DNA, but they do so through a similar 3 phosphotyrosine intermediate with an almost identical active site. Enzymes of the second class, termed either telomere resolvases or protelomerases, maintain the covalently closed hairpin ends of the linear replicons found in certain prokaryotes and viruses (13, 14) The Process of Strand Exchange via a Holliday Junction Intermediate
Each tyrosine recombinase has a specific DNA site, which is minimally comprised of a pair of inverted enzyme-binding sites separated by a 6-8-bp spacer, although many systems also include accessory sites where regulatory proteins can exert their influence. Cleavage and religation take place at the 5 boundaries of the spacer. Although the sequences of the spacers can vary, there is generally a requirement for identity between recombination partners.
The requirement for sequence identity in the crossover region was originally interpreted to mean that each site would align with its partner, and the Holliday junction intermediate would branch migrate through this region, exchanging one base pair at a time (15) . However, careful biochemical experiments led away from this toward a "strandswapping isomerization" model, in which 2-3 bp adjacent to the cleavage site are melted, and the free end anneals to the complementary sequence in its recombination partner (16) (17) (18) .
Current understanding of the reaction mechanism comes from many years of such biochemistry studies and just under a decade of structural knowledge. A generalized mechanism is cartooned in Figure 3 . Recombination is initiated when one strand of each duplex is cleaved by a nucleophilic tyrosine, Cartoon of tyrosine recombinase-catalyzed strand exchange. The synaptic complex comprises two DNA duplexes bound by four recombinase protomers assembled in a head-to-tail fashion. Blue stars represent active catalytic centers in the active protomers (pale yellow). One strand from each duplex is cleaved, exchanged, and ligated to form a Holliday junction (rightmost two panels). Isomerization of this junction alternates the catalytic activity between the two pairs of protomers.
creating covalent DNA-protein phosphotyrosine linkages at the 3 ends of the DNA and free hydroxyls at the 5 ends. The energy from the phosphodiester bond in the DNA backbone is transferred to the phosphotyrosine. Although recombination requires synapsis of two sites, cleavage of a single strand, at least in some cases, requires only a dimer (19, 20) . The next step involves an exchange where the free 5 ends attack the 3 phosphotyrosines of the opposing DNA substrates to form a Holliday junction. The complex can then isomerize so that the inactive monomers become active and vice versa. This enables a repeat of the whole process, i.e., the second, untouched strand is attacked, and the new 5 ends migrate over and attack their partners' 3 phosphotyrosine linkages, freeing the protein, resolving the Holliday junction, and completing the reaction. The approximately square planar conformation of the recombinase-bound DNA allows exchange of the DNA ends with remarkably little rearrangement of the protein component. The utility of this conformation was pointed out in 1989 (21) and firmly established by the Cre-DNA complex structure (22) . The phosphotransfer reaction catalyzed by tyrosine recombinases and type IB topoisomerases is diagramed in Figure 2 . Sequence comparisons and mutagenesis studies have identified five highly conserved active site residues that cluster (in three dimensions) near the critical tyrosine: RKHRH [see previous reviews (23) (24) (25) ]. Studies of the topoisomerase from vaccinia virus implied that the invariant lysine acts as a general acid, protonating the leaving 5 hydroxyl during the cleavage reaction (26) . The first arginine is also important in this process, although its role is debated: It may form part of a proton shuttle, it may lower the pK a of the nearby lysine, or it may act as the general acid itself with assistance from the lysine (27, 28) . The first histidine may act as a general base, accepting a proton from the attacking tyrosine (29; Y. Chen, K.L. Whiteson, P.A. Rice, unpublished results ). However, this residue is not as highly conserved as the others, and its mutagenesis is often not as deleterious to the reaction rate (1, 24) . The need for a general base may not be as strong as the need for a general acid because the pK a of tyrosine is lower than that of a 5 hydroxyl. The positively charged catalytic residues may play multiple roles, such as localizing the scissile phosphate and stabilizing the pentacoordinate transition state both geometrically and electrostatically (28, 30) . The second histidine also makes an important hydrogen bond to the scissile phosphate in the transition state of the vaccinia topoisomerase reaction (31) . However, in Flp, the analogous tryptophan, W330, was found to have a largely architectural role, stabilizing the position of the helix containing the nucleophilic tyrosine (32) . As more distantly related enzymes are studied in detail, new variations on these themes may emerge. For example, experiments with the hairpin telomere resolvase ResT did not find evidence that the lysine is acting as the general acid, although its mutation did nearly obliterate activity (33) , and despite the presence of a serine in place of the normally crucial first arginine, wild-type CTnDOT integrase is fully functional (34) .
Hydrolysis of the phosphotyrosine intermediate is normally much slower than religation. The Shuman group recently suggested that electrostatic repulsion of water by the phosphate itself plays an important role in preventing hydrolysis (30) . When one of the nonbridging oxygens of the scissile phosphate was replaced with a methyl group, which has a similar size but lacks a charge, they found that vaccinia topoisomerase became a nuclease. Why is the incoming DNA's 5 hydroxyl not similarly deterred by electrostatic repulsion? It may be that it is localized and oriented by other contacts within the complex (e.g., by base pairing with the opposite strand), whereas an incoming water molecule would have no such help. Many phosphotransferases that efficiently mediate the attack of water on a phosphodiester bond include divalent metal ions at the active site that can coordinate the attacking water.
Structural Insights into Synapsis and Strand Exchange
X-ray crystallography has provided a wealth of molecular detail on tyrosine recombinases. Structures are now available for the complete synaptic complexes of Cre, Flp, and λ Int, for monomeric DNA complexes of human topoisomerase I and λ Int, and for XerD, HP1 Int, λ Int, and vaccinia virus topoiosomerase in the absence of DNA (16, 22, (35) (36) (37) (38) (39) (40) (41) . Interestingly, in the absence of DNA, the active site tyrosine-containing helices are disordered or misoriented (with the exception of HP1 integrase, where a sulfate ion bound in the active site may mimic the scissile phosphate). In a recent crystallographic triumph, two structures were determined of full-length λ Int complexed with not only crossover but also accessory site DNAs (36) .
Cre, Flp, and λ Int all form C-shaped clamps around the DNA substrate (Figure 4) . The larger and mostly helical C-terminal domains are highly conserved and contain the catalytic residues, whereas the preceding domains are structurally varied. The latter interact with the major groove of the DNA near the substrate crossover region and can form significant protein-protein interfaces with the other protomers in an assembled tetrameric complex, as we have seen in the structures of Cre, Flp, and λ Int. The C-terminal domains interact with consecutive minor and major grooves on the opposite face of the DNA. The monomeric human topoisomerase I exhibits a similar architecture. It may be that the catalytic domain is the common ancestor of the tyrosine recombinases and that the N-terminal domains have been added independently to aid complex formation and regulation.
The overall architectures of the synaptic complexes of Cre, Flp, and λ Int are (Figure 4) . The structures also show that the catalytic domains interact by swapping part of the C terminus with a neighboring protomer. In all known cases, the segment immediately following the tyrosine-bearing helix ( Figure 5 ) crosses from one protomer to the next. In Cre, the final helix nestles into a pocket on the neighboring subunit within the tetramer. In the HP1 apoprotein structure, a similar Cterminal helix swap occurs across a dimer. The C-terminal segment exchanged by λ Int forms a short beta strand when packed into the adjacent monomer in the synapsed complex. Flp displays a mechanistically important variation on this theme: The tyrosine-containing helix itself is swapped, so that each active site is assembled in trans (after this helix the chain returns to its original protomer) (42, 43) . In addition to other Flp-like proteins from fungal plasmids, the thermophilic SSV1 integrase has also been reported to domain swap its tyrosine (44, 45) . As discussed below, these trans segments are usually critical in enforcing halfof-the-sites activity.
The contributions of the N-terminal domains to the synaptic complexes vary. Cre's complex is the most rigid with close contacts between its globular N-terminal domains. Flp is more flexible: Its N-terminal domains interact through a second trans helix that packs into a hydrophobic groove in the neighbor's N-terminal domain but is connected to its own protomer by flexible turns. λ Int complexes, although still roughly square planar, have much more skewed pseudo fourfold symmetry and little contact between the domains equivalent to Flp and Cre's N-terminal ones, which is consistent with λ's dependence on the accessory sites for synapsis. However, its additional N-terminal accessory site-binding domains (not shown in Figure 4 ) do make considerable contact with one another and with their neighbors' central domains.
The sequence specificity of these recombinases is of interest to those who exploit them as genetic tools as well as to basic scientists. In the Flp, Cre, and λ Int-DNA structures, each domain flanking the crossover site DNA inserts a helix into a major groove, but direct side-chain-base contacts are rather sparse and can rationalize only some of these proteins' sequence specificity (22, 35, 46, 48) . λ Int binds this DNA rather weakly anyway, but in the Flp and Cre cases, water-mediated contacts and indirect readout of the DNA's sequence-dependent conformational parameters undoubtedly play important roles. Several clever approaches have recently been used to select Flp and Cre variants with relaxed and/or altered specificity (49) (50) (51) . Structural studies from the Baldwin group (52) have highlighted the complexities of sequence recognition: The protein-DNA interface is a large hydrogen-bonded network involving many water molecules, and the connectivities of this network can shift in unexpected ways in response to mutation. Furthermore, specificity can be enforced at the catalytic step as well as at the binding step of the reaction (53) .
Controlling Catalytic Activity:
Half-of-the-Sites Reactivity A recurring feature of the tyrosine recombinases is half-of-the-sites reactivity: Only alternating protomers within the synaptic tetramer are active at any given time. First noted by enzymologists in the 1960s (54), the practical consequence of this phenomenon for tyrosine recombinases is that double-strand breaks are avoided; one strand must be religated before its partner can be cleaved. This also avoids the formation of side products such as hairpins and three-way junctions that can result when adjacent protomers within a complex are simultaneously active (55) (56) (57) .
In those cases that have been studied in detail, the key to mediating half-of-the-sites activity lies in the geometry of the synaptic tetramer. It has true twofold symmetry, such that protomers on opposite arms have similar conformations, and approximate fourfold symmetry, such that the isomerization between states is relatively straightforward. The alternating interfaces between protomers directly affect the active site conformations, but exactly how they do so varies in each case.
Flp's activity is primarily controlled by localization of the tyrosine nucleophile, which is donated in trans from an adjacent protomer. Within the synaptic tetramer, two interfaces (termed type I) allow proper docking of the tyrosine-bearing helix, while the alternate interfaces (type II) place the catalytic domains too far apart ( Figure 5 ). Several lines of evidence imply that the remainder of the Flp active site is preassembled around the scissile phosphate.
Hydroxyl radical footprinting showed
hypercleavage resulting from nucleophilic peroxide attack at the phosphate that lies in the active site, even in the context of Flp-binding sites that should not assemble into tetramers (58 three-armed DNA junction into a duplex and a hairpin product, which requires the simultaneous activity of adjacent Flp protomers (56, 59, 60) .
Model building confirmed that, although adjacent type I interfaces could be formed within a trimer of Flp, addition of a fourth could only be accommodated by alternating type I interfaces with looser type II interactions (61) . This implies that a Flp protomer is active whenever an exogenous tyrosine can reach into its active site. λ Int is also regulated largely by positioning of the tyrosine. New structures of Int synaptic complexes show an even more skewed fourfold symmetry than Flp's (36) . Here the tyrosine-bearing helix itself is in cis, but the polypeptide chain immediately following it crosses to the neighboring protomer, where it forms a short stretch of β strand. In two interfaces, the linker between these two secondary structure elements forms interactions that stabilize the tyrosine's position, whereas in the other two, the stabilizing interactions are disrupted, and the tyrosinebearing helix is disordered ( Figure 5 ).
Int's C-terminal tail also represses catalytic activity when the protein has not formed an appropriate oligomer. Mutations and deletions in this region greatly enhance topoisomerase-like DNA relaxation and cleavage by monomeric Int (62) (63) (64) . In the crystal structure of the catalytic domain in the absence of DNA, this tail makes cis interactions similar to the trans ones seen in the www.annualreviews.org • Site-Specific Recombinationtetramer, but in this context, they trigger a repacking of the previous segment, which removes the tyrosine from the active site (38, 48) . NMR data found that the tail is flexible and is not altered by the addition of a single Int monomer-binding site (65) . However, activity of the wild-type monomer can be restored by adding an excess of a peptide that mimics the C-terminal tail (66) . Such negative regulation may be particularly important for Int, which binds crossover site DNA with relatively weak sequence specificity.
Structures of Cre-DNA complexes show more subtle differences between the two types of interfaces. Here, in the context of one type of interface, the catalytic lysine is displaced from the active site, whereas in the other type of interface, it lies near the scissile phosphate (16) ( Figure 5 ). Cre's tyrosine-bearing helix is also in cis and is followed by a helix that packs in trans against the neighbor's catalytic domain. The linker between these two helices adopts different conformations as it crosses the two types of interface, which may affect the dynamics of the tyrosine-bearing helix but not its general placement. Cre will reluctantly recombine three-way junctions and has even been crystallized as a trimeric complex (57) . In this structure, all three protomers are crystallographically identical, and although in some ways the active site most closely resembles that of the active protomers of tetramers, the catalytic lysine and the loop on which it lies are disordered.
In the XerCD system, the fourfold symmetry is broken not only by conformation but also by sequence: Here alternate monomers are actually different proteins (albeit closely related-36% identical) that bind different DNA sequences, one on each side of the central spacer. Sequence similarities suggest that both of these proteins contain a transpacking C-terminal segment similar to Cre's, and biochemical studies have shown that the interactions made by these segments play a key role in regulating catalytic activity (67, 68) .
Controlling the Outcome of Recombination
How do these systems specifically produce inversions, deletions, or insertions, and how do some of them drive the reaction in one direction despite the lack of obvious energy sources such as ATP?
Key factors include the conformation of the DNA in the initial synaptic complex and the stabilization of one conformation over another in the product complex. First, a crossover site's central spacer must adopt one of two possible bends to accommodate contacts between the two protomers that bind it (Figure 6a) . The conformation that is adopted in the substrate complex determines which strand will be cleaved first. Second, the synaptic complex can form, and strand cleavages can be initiated with the asymmetric spacers in either relative orientation, but only the antiparallel orientation is productive (Figure 6b ). After the second set of strand exchanges, the spacers in the resulting product complex will display the alternate bends to those in the substrate. In the simplest cases, the substrate and product are isoenergetic, and the reaction reaches equilibrium when there is 50% of each. However, as described below, many systems have evolved tricks (usually involving accessory factors) to tip the balance toward the desired product.
Simple systems: random synapsis and reliance on spacer complementarity. Synaptic complexes formed with parallel spacers are unproductive: Ligation of the product strands would produce mismatches. These inhibit ligation, particularly near the cleavage sites, presumably by misorienting the attacking 5 hydroxyl (69) . The back reaction is thus favored, and the complex can dissociate. In simple systems, the sequence of the spacers is in fact the only feature determining the overall polarity of the sites (shown as arrows in Figure 1 ), which in turn determines the overall choice of inversion vs deletion/insertion reactions. This is not utterly foolproof; however, if the products of incorrect (parallel) Cre synapses are selected for in vivo, they can readily be found (70) .
Flp-and Cre-mediated recombination is rather simple and does not require accessory factors, nor is it strongly biased in one direction. Despite an asymmetric spacer sequence, Flp does not even display a significant preference for initial cleavage at one end of the spacer vs the other. Cre, however, does. In assays using 5 bridging phosphorothioate suicide substrates, Cre preferentially cleaves at the GpC end of the spacer rather than the ApT end (19) . Interestingly, cleavage of the preferred strand was more strongly stimulated by synapsis than cleavage of the other. When the reaction is started with Holliday junction substrates, Cre preferentially resolves them by cleavage at the ApT end. Combined, these preferences may improve the overall efficiency of recombination by minimizing the accumulation of junctions and biasing their resolution toward products (71). Cre's catalytic preferences probably reflect a balance of the sequence-dependent flexibility of the DNA itself and the interactions of the protein with its substrate DNA (72, 72a) . Crystal structures of Cre-DNA complexes show strikingly asymmetric bends in the spacer regions that vary with sequence (16, 73, 74) .
Using accessory proteins and other tricks to control outcome. Phage λ integration is a paradigm for the use of accessory proteins to help assemble the correct initial complex and to drive the overall reaction in the desired direction. Many other integrases appear to use similar overall schemes for regulating the directionality of recombination, although the details vary (75) (76) (77) (78) (79) . The λ Int protein has an additional domain at its N terminus that binds tightly to "arm" DNA sites found on both sides of the crossover ("core") site within the phage attachment site, attP (Figure 7) . DNAbending proteins help bring the two types of site into close proximity. The bacterial attachment site, attB, lacks accessory sites, but the Controlling the outcome of recombination. (a) Determining which strand will be cleaved first. The initial recombinase-bound duplex bends in one of two different ways, and this determines which strand will be cleaved first (blue stars). In all cases studied, the activated protomer is the one whose C-terminal tail is bound by the other. (In Flp, this corresponds to the polypeptide chain returning after the trans tyrosine-bearing helix.) (b) These two differently bent duplexes can be combined into three different synaptic complexes: two productive ones with antiparallel spacers (top) and one unproductive one with parallel spacers (bottom). Note that if a productive synaptic complex initially has bend a in the spacers, its product will display bend b, and vice versa.
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Figure 7
Cartoon of λ att sites. The crossover site within the phage attachment site, attP (top), is flanked by different arrays of binding sites for accessory proteins (IHF, Xis, and Fis) and for the N-terminal domain of Int (arm sites). Integrative recombination of attP with the simple bacterial attB requires IHF and creates attR and attL as products (bottom). Excisive recombination is not the direct reversal of this reaction and requires Xis and Fis as well as IHF.
Int protomers whose catalytic domains bind here also interact with the arm sites of attP via their N-terminal domains. Although the accessory proteins can only dictate the initial bend direction of attP, suicide substrates using bridging 5 phosphorothioate linkages showed that synapsis with attB is not random (18) . This implies that the initial bend in attB is determined by its DNA sequence. The strand that is preferentially cleaved first is also exchanged first (80, 81) . After integration, the recombinant sites flanking the phage are referred to as attL and attR. Excisive recombination, however, is not the simple reversal of integration: It is stimulated by different relative concentrations of DNA-bending proteins, leading to formation of an initial complex whose geometry differs from that of the integrative product complex. In both reactions, the same strand is cleaved and exchanged first, presumably because of similar bends in the core DNA (82) .
The arm-binding domains of Int do more than just help deliver it to the crossover sites; they also regulate catalysis. If complexes are assembled with full-length Int on crossoversite Holliday junctions, addition of short duplexes bearing arm DNA sites not only stimulates resolution but also biases it toward appropriate duplex products rather than aberrant hairpins and three-armed junctions (55) . The crystal structure of an entire Int tetramer bound to both core and arm DNA has recently been reported (36) . The N-terminal arm-binding domains form an additional, intertwined layer of protein displaying twofold but not even pseudo fourfold symmetry. Each N-terminal domain interacts more closely with the core-binding domain of the neighboring protomer than its own. These interactions presumably bias the overall complex toward the product conformation, in a sense using product-binding energy to drive forward an otherwise isoenergetic reaction.
Accessory proteins also play crucial roles in XerCD-mediated recombination, but here the details vary greatly with context (67). However, one common feature is that two recombinases' preference for heterorather than homomeric interactions tidily avoids the formation of unproductive parallel synpatic complexes. Recombination at the chromosomal recombination site, dif, requires FtsK, an ATP-dependent DNA translocase that also plays other roles in chromosomal segregation. Without FtsK, XerC catalyzes cleavage and strand exchange, but the resulting Holliday junction can only be resolved backward to the substrate; XerD remains inactive. However, in the presence of FtsK, XerD is activated and actually catalyzes strand cleavage and exchange before XerC, implying a different initial synaptic complex is formed (83). FtsK's effects in vitro require only a short stretch of DNA extending past the XerDbinding site and involve direct contacts with XerD as well as ATP hydrolysis by FtsK (84) .
XerCD-catalyzed resolution of dimers of the plasmids ColE1 (through its action at cer sites) and pSC101 (at psi sites) has also been well characterized (67) . These systems do not require FtsK. However, their recombination sites are much larger than dif and include binding sites for accessory factors: the DNA-binding peptidase/transcription factor PepA in both cases, plus the arginine repressor ArgR for ColE1 and the phosphorylated form of the anaerobic growth regulator ArcA for pSC101 (Figure 8 ). These accessory proteins form a topologically defined synaptic complex that, much like the synaptic complexes formed by the canonical serine recombinases, dictates intra-rather than intermolecular recombination by a mechanism termed a topological filter. Depending on the spacer, the reaction is either completed by the sequential action of both XerC and XerD, or Holliday junctions formed by XerC action are resolved by other cellular enzymes. The conversion of negative supercoils, trapped within the synaptic complex, into intermolecular nodes, linking the catenated products, may also help drive the overall reaction forward. The X-ray structure of the hexameric PepA revealed a positively charged groove that is important for DNA binding and has greatly aided modeling of the synaptic complex (85, 86) .
The synaptic complex formed by PepA not only channels but also stimulates recombination. It probably does so simply by aiding synapsis of the crossover sites by bringing them into close proximity; there is no evidence for direct recombinase-accessory protein contacts, and the XerC-and XerD-binding sites can be swapped without the deleterious effects that might be expected if such contacts were important (87) . Furthermore, if the XerCD crossover site is replaced with the Cre (86) is mediated by a single PepA hexamer (yellow), which interacts with binding sites in both direct repeats. ArgR (at ColE1 cer sites) or ArcA (at pSC101 psi sites) assists synapsis. XerCD-mediated recombination of these substrates produces four-noded catenanes as products.
www.annualreviews.org • Site-Specific Recombinationcrossover site (loxP), Cre-mediated recombination also becomes dependent on PepA when Cre's protein-protein contacts are mutationally compromised (88) . Surprisingly, it was recently reported that ArgR and PepA are required for stable maintenance of the plasmid state of phage P1 in vivo, although their mechanism of action on P1 has not yet been directly determined (89) . Vibrio cholerae phage CTXφ exploits its host's XerCD system for integration but requires none of the accessory proteins described above (90) . The secondary structure in the single-stranded phage DNA creates a duplex recombination site with a bulged spacer (91) . As shown previously for Flp-mediated recombination, such mismatches adjacent to the scissile phosphate will favor cleavage over religation of the substrate (69) . However, after XerC-mediated cleavage, the new 5 end does match the chromosomal dif site spacer, so that a covalent Holliday junction can be formed. XerD's presence, but not its catalytic activity, is required; the junction is resolved by replication and/or repair. The resulting XerCD sites flanking the integrated prophage no longer have matching spacers, thus blocking excision (unlike λ, integration of this phage is a oneway street). Directionality in this case is thus dictated by the ability of the single-stranded phage to form a bulged recombination site.
Although the mechanistic details are less clear, the integrases that mobilize the gene cassettes of integrons may also exploit unusual DNA structures (92) . The attC attachment site (also known as the 59-bp element) contains a set of repeats capable of forming a cruciform structure, and in vitro studies suggest that the enzyme preferentially binds such DNA hairpins (93, 94) .
Formation of hairpins is the raison d'etre for hairpin telomere resolvases (also known as protelomerases), a novel type of tyrosine recombinase. These enzymes convert a single inverted repeat-containing site into two duplexes with hairpin ends. They contain most of the canonical conserved catalytic hexad, including the tyrosine that forms a covalent protein-DNA intermediate (33, 95) . Recent work suggests that ResT from Borrelia burgdorferi combines this active site with a hairpin-binding module that may resemble one found in otherwise unrelated DNA transposases that form hairpin intermediates (96) .
SERINE RECOMBINASES
The serine recombinases are a rather heterogeneous family of proteins, ranging in size from 180 to nearly 800 amino acid (aa) residues, and with unexpected variations in domain organization (Figure 9a) (5) .
Most of our information regarding serine recombinase domain structure and function has come from the prototypical recombinase, γδ resolvase, which has been characterized extensively, both biochemically and structurally, by X-ray crystallography. This 183-residue protein has an N-terminal catalytic domain of ∼100 residues, linked by a long (36-aa) α-helix (the E-helix) and an unstructured segment (10 aa) to a typical helixturn-helix DNA-binding domain at the C terminus (Figure 10 ) (97) . The serine nucleophile is close to the N terminus at position 10. γδ resolvase is a dimer in solution, with the N-terminal portion of the E-helix forming the bulk of the dimer interface. DNA binding (at least to the crossover site) involves not only the H-T-H domain but also the C-terminal portion of the E-helix and the intervening segment. The dimer's H-T-H domains bind symmetrically to the DNA, making sequence-specific major groove contacts ∼10 bp from the central cleavage point; E-helix residues (particularly the conserved Arg-125) hold the DNA (via phosphate and minor groove contacts) close to the cleavage site and the 3 end of the DNA after cleavage (98) ; and the unstructured segment snakes along the minor groove between the two (see Figure 10 ) (97) . The H-T-H domain appears to play no important roles outside of DNA binding because it could be replaced by a zinc finger DNA recognition domain in Tn3 resolvase without loss of recombination activity (99) .
Although the well-studied DNA invertases, Hin and Gin, are similar in size and organization to γδ resolvase (and many oth- contain a readily recognizable catalytic domain with two clusters of conserved residues, including the serine nucleophile, that form the recombinase active site (Figure 9b) . The large recombinases also contain an obvious analogue of the E-helix immediately following the catalytic domain and in most cases have E-helix residues equivalent to the γδ resolvase residues Glu-118, Arg-119, Glu-124, Arg-125, and Gly-137 (those that are most conserved in the E-helices of the conventional resolvases and DNA invertases). Even the "domain-switched" recombinases appear to have an E-helix analog (with equivalents to Arg-119 and Arg-125), presumably allowing them to form dimeric assemblies and bind the 3 end of the cleaved recombination site in a manner similar to resolvase.
Recombination by a Process of Double-Strand Break, Switch, and Rejoin
The salient features of the processes of DNA cleavage and strand exchange have been revealed by detailed biochemical and DNA topological analyses, primarily of the resolvases from Tn3 and γδ, and the DNA invertases, Hin and Gin (2, 3, 21, 100-103). All catalytic processes usually occur within a synaptic complex with two crossover sites and four recombinase subunits (although the Sin recombinase appears to be at least one exception to this). It is now clear that, in synaptic complexes formed by the serine recombinases, the crossover sites are located on the outside, separated by the catalytic domains; this is in stark contrast to the synaptic complexes formed by the tyrosine recombinases. The idea that the recombinase was at the center of the synapse with DNA on the outside was an explicit feature of the earliest "precrystal structure" model of the resolvase synaptic complex (104, 105) and grew out of pioneering topological studies (21, 101, 102, 106) , but lacked direct evidence. Subsequently, evidence for this arrangement was provided by three distinct and complementary experiments. First, recombination by an activated γδ resolvase between a pair of crossover sites separated by an IHF-induced DNA Uturn was shown to be sensitive to the helical phasing of the sites; the positions of maximum recombination efficiency indicated that the catalytic domains formed the core of the synapse with the DNA outside (107) . A similar conclusion was obtained from low-angle Xray and neutron scattering experiments performed with an activated Tn3 resolvase that formed a stable synaptic complex with two uncleaved crossover sites; moreover, these data indicated a substantial separation of the DNAs (108). Finally, an entirely different approach, chemical cross-linking at the sites of introduced cysteine residues in an activated Hin mutant, showed that the surface of the catalytic domain around the beginning of the E-helix (around residue 100) was at or very close to the synaptic interface (109) . The recently solved crystal structure of a minimal synaptic complex formed by γδ resolvase has elegantly confirmed the "DNA-out" configuration of the crossover site synapse and has thrown new light on the processes of synapsis and strand exchange (see below) (98) .
Once a synaptic complex is formed, the four recombinase subunits are activated to attack the two crossover sites, forming two double-strand breaks (Figures 2 and 11) . This reaction covalently joins the four recombinase subunits by a phosphoserine linkage to the four 5 ends of the broken strands, leaving free hydroxyls at the 3 ends (7, 110) . The spacing of the scissile phosphates is such that cleavage leaves a two-base single-strand extension at each 3 end (7).
Cleavage is a coupled reaction and is performed by the recombinase "in cis" (111) . Coordination is most pronounced between the two subunits bound to the same site; nicked sites are rarely seen with the wildtype recombinase and remain a minor species even when active and inactive subunits are simultaneously targeted to specific halves of a crossover site. Nevertheless, in such targeted experiments, nicking is seen to be highly strand specific, occurring at the scissile phosphate closest to the binding site of the active subunit.
Once both crossover sites are fully cleaved, the broken ends are rearranged to bring them into a recombinant configuration. Studies of the changes in DNA topology and linking number that accompany recombination indicate that strand exchange involves a motion equivalent to a single 180
• rotation of one half of the complex relative to the other half (21, 101, 106, 112-115 ). The direction of rotation is generally right handed, serving to relax the natural negative superhelicity of the substrate. However, in reactions with relaxed DNA, it appears that rotations can occur in either direction (21, 116) . Precisely how rotations of the broken ends occur is still a mystery, although recent structural studies of an active synaptic complex with cleaved crossover sites strongly favor a particular process of subunit exchange (see below) (98) . Following the exchange, the free 3 OH ends attack the 5 -phosphoseryl linkages to rejoin the crossover sites in recombinant configuration and release the resolvase subunits. For the initial cleavage step, the sequence of the central 2 bp is not very important (many 2-bp sequences can be cleaved, but not all). However, for the rejoining step, it is essential that the two-base single-strand extensions of the partner sites are able to form Watson:Crick base pairs. Thus, as in the tyrosine recombinases, asymmetry of the central 2-bp sequence can be used to dictate recombinational directionality, allowing recombination of two sites in one orientation but not in the other. Because crossover site heterologies are only detected when rejoining is attempted (that is, after cleavage and strand exchange), the presence of a mismatched site forces the recombinase to proceed through a second round of strand exchange. This restores the parental configuration and so is without genetic consequence; however, the double rotation leaves a topological footprint on the substrate DNA, removing supercoils and, in some cases, generating knotted products (113) (114) (115) . 
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Figure 11
Mechanism of recombination by a serine recombinase. The cartoon shows a synaptic complex, formed from a pair of recombinase-bound crossover sites. Only the catalytic domains of the recombinase dimers are shown; these are responsible for the pairing and separate the two DNAs. The serine nucleophiles are represented by S OH when free (top left and bottom right) or S-when attached to the DNA 5 ends (top right and bottom left). The free 3 OH groups at the cleavage sites are shown as o. During strand exchange, catalytic domains and DNAs move together because they are covalently joined.
Structural Insights into Synapsis, Cleavage, and Strand Exchange
For the serine recombinases, a molecular understanding of the processes of synapsis and strand exchange has long remained an elusive goal. A complicating factor for analysis of the serine recombinases is that the systems of recombination best characterized biochemically require large DNA sites in supercoiled plasmid vectors and either multiple copies of the recombinase bound at sites in addition to the crossover sites (as in the case of the resolvases) or an additional protein factor, FIS (as with the DNA invertases). To overcome these difficulties, it was first necessary to obtain mutants of the recombinase that were able to perform recombination on short, linear crossover sites in the absence of additional factors. Such activated mutants, first obtained with DNA invertases (117, 118) and subsequently with resolvases (119, 120), have played a crucial role in all experiments that have recently advanced our understanding of synapsis and strand exchange.
Synapsis. Using such an activated mutant, crystal structures of γδ resolvase with cleaved crossover sites have recently been obtained and have provided clear confirmation of the DNA-out configuration of the synaptic complex (98) . The activated mutant forms a tetramer in solution (with or without DNA) and binds, cleaves, and recombines pairs of isolated crossover sites (121) .
Crystallization of the activated resolvase with a symmetrized crossover site yielded two crystal forms (98) . In each, a tetramer of resolvase was bound to two cleaved crossover sites, with phosphoseryl covalent linkages joining the four 5 phosphates at the cleavage sites to the Ser-10 residues of the recombinase subunits (Figure 12) . The tetramers in the two crystal forms have pseudo 222 symmetry (that is, three orthogonal twofold symmetry axes) and essentially identical conformations. The core of the tetrameric complex is formed by the resolvase catalytic domains and the Ehelices while the DNA and DNA-binding domains are on the outside.
The synaptic tetramer has a unique and unanticipated quaternary structure (98) . It consists of two dimeric units with a quaternary structure related to, but distinct from, that of the dimer of resolvase bound to uncleaved site I (97). It is assumed that these represent the parental dimers that have just cleaved their crossover sites (or the recombinant dimers that are about to rejoin their crossover sites). These two site I-bound dimers are separated by an interface (the synaptic interface) that is extensive (1780Å 2 per dimer) and unexpected-unexpected because the dimers are substantially interdigitated and the interface is not formed by docking contiguous preexisting surfaces of the presynaptic dimer. Indeed, many side chains at the interface were not exposed on the surface of the presynaptic resolvase dimer but were buried at the interface between its subunits. A prominent feature of the tetramer (and one that is key to holding the complex together) is its central inner core, consisting of two pairs of antiparallel E-helices (associated over their N-terminal halves) that cross at an angle of 100
• to form an extended X. Within this core, each subunit interacts with all three of its partners within the tetramer. In contrast, no contacts are formed between diagonally positioned protomers within the tyrosine recombinase complexes (22, 35) . Remarkably, the other interface that separates the tetramer into left and right halves is almost totally flat; this may have functional significance for strand exchange.
The synaptic tetramer could not have been modeled readily, since its formation is accompanied by dramatic conformational transitions from the structure of the presynaptic resolvase dimer. These changes are seen both in the tertiary structure of individual subunits and in the interactions between them.
Figure 12
Structure of the γδ resolvase synaptic tetramer complexed with cleaved crossover sites (98) . Magenta balls indicate the P atoms at the cleavage sites, and the yellow ball and stick side chains show the active site Ser-10 residues. (a) View through the complex showing the flat interface that separates the complex into two halves. Presumed parental sites are labeled L and R, and L and R , respectively; it is not known, however, whether recombination will join L to R or to L . Colored balls indicate the Cα atoms of Ala-74 (dark gray) and Val-114 (blue) (see also Figure 10 
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For individual subunits, if the DNA and DNA-binding portions (residues 120 to 183) of the presynaptic and synaptic states are superimposed, the catalytic Ser-10 residue of the activated resolvase is seen to have moved 11Å directly toward the scissile phosphate (Figure 13) (98) . This movement consists chiefly of two components: substantial rotation (40
• -70
• , depending on the subunit of the presynaptic dimer selected for comparison) of the catalytic domain relative to the E-helix using residues 101-102 as a hinge (see also Figure 10 ) and bending of the E-helix itself (which moves the helix N terminus by about 6Å). This new tertiary structure of the resolvase subunit, with the Ser-10 hydroxyl well within bonding distance of the scissile phosphate, presumably represents the activated conformation necessary to catalyze cleavage of an initially unbroken crossover site. In the activated conformation, the D-helix of the catalytic domain swings toward the E-helix (the Thr-73-Ser-112 Cα-Cα distance changes from 9.8Å to 5.9Å). We find it intriguing that an engineered intrasubunit disulfide bond between T73C and S112C in an otherwise wild-type Tn3 resolvase is sufficient to activate its ability to cleave an isolated crossover site (122) .
Substantial changes in the dimer interface accompany the subunit conformational changes (98) . In the presynaptic state, the interface is formed largely by the E-helices, which cross at a 45
• angle. In the tetramer, however, the E-helices open up like the blades of a pair of scissors, increasing the crossing angle to 100
• . This scissoring of the Ehelices, together with the subunit conformational changes, creates an altered and much reduced dimer interaction. Many interactions seen across the interface of the presynaptic dimer are lost (or exchanged for new, synaptic interactions), and only a few new ones are gained in the altered dimer.
The process by which a synaptic complex may be formed is illuminated by the structure of the γδ resolvase synaptic tetramer, even though the activated mutant has cir-
Figure 13
Motion of the resolvase catalytic domain associated with formation of the synaptic tetramer. A postsynaptic subunit (yellow) is superimposed on one half of the presynaptic γδ resolvase-DNA complex (blue) to illustrate the change in conformation of the catalytic domain and part of the E-helix relative to the DNA and DNA-binding domain (superimposed residues were 120-183). This motion brings Ser-10 (red oxygen atom) close to the scissile phosphate of the uncleaved DNA (pink ball).
cumvented the normal process of synapsis because it is already tetrameric. Presumably, in more natural circumstances, two crossover site-bound presynaptic dimers of a recombinase initially interact via the surface centered around the beginning of the E-helices, perhaps as suggested in the various models of Crossover site cleavage. The timing and mechanism of DNA cleavage during the transition are quite uncertain and are not addressed by the tetramer structure because cleavage has already occurred. Clearly the Nterminal catalytic domains must swing into the active configuration, allowing the Ser-10 residues to attack the scissile phosphates, and presumably, this conformational change is dependent on synapsis. However, although the activated tetramer can readily make doublestrand breaks at the crossover site even when locked into the tetrameric conformation by a disulfide link between cysteines positioned in the antiparallel D helices (at position 74) (A. Sinha and N.D.F. Grindley, unpublished results), the precise conformation seen in the crystal structures appears inappropriate either for DNA cleavage or for ligation. Each Ser-10 residue is 30Å from that of its dimer partner (compared with a distance of 16Å between the scissile phosphates in the presynaptic dimer site I complex) and is 14Å from the 3 OH that would be the attacking group in the joining step.
There are several possible solutions to this dilemma. (a) The overall structure of the synaptic complex protein core is retained, but motions of the DNA-binding region (residues from the middle of the E-helix to C terminus of resolvase) deliver the uncleaved DNA sequentially to the two Ser-10 nucleophiles (or the 3 OHs sequentially to the phosphoseryl linkages). A potential problem with this scenario is that the covalent linkage of the DNA to the first Ser-10 is likely to impede its movement to the second Ser-10. (b) The quaternary structure of the crossed antiparallel pairs of E-helices is retained, but additional motions of the catalytic domains allow the two Ser-10 nucleophiles of each synapsed dimer to come closer together, facilitating attack on the scissile phosphates either simultaneously or sequentially but with minimal distortions (the DNA-binding domains would also need to move to accommodate binding to uncleaved DNA or deliver the 3 ends to the phosphoseryl bonds). In the tetramer structure, the direct path between each phosphoserine and the appropriate 3 OH is unimpeded, adding to the plausibility of this scenario. (c) Since one cannot simply model the uncleaved crossover site and its associated DNA-binding domains from the presynaptic structure onto the core of the synaptic tetramer, the possibility remains that a structure formed on the pathway of transition between the presynaptic dimer and the synaptic tetramer but with unknown conformation is responsible for cleavage.
Although the structures of γδ resolvase with DNA provide two revealing views of the recombinase active site, some important details are missing, and the process of chemistry remains obscure. In particular, it is not at all clear how either the serine hydroxyl or the 3 OH are activated for the cleavage and rejoining steps, respectively.
The most critical components of the active site, in addition to the Ser-10 nucleophile, are three arginine residues (residues 8, 68, and 71) and an aspartate (Asp-67) (Figure 2d ). All these residues are very highly conserved, and mutation of any of them substantially reduces or abolishes crossover site cleavage and recombination. In the presynaptic structure, Ser-10, Arg-8, Arg-68, and Asp-67 of one subunit (along with the nonessential Glu-124 residue provided in trans from the partner subunit) form a hydrogen-bonded network, but no residues appear to be appropriately positioned to act as a proton acceptor for Ser-10. The phosphate of the scissile bond is distant from the Ser-10 (∼ 11Å), and in one subunit, Arg-71 appears to coordinate it and the phosphate 5 to it (97) .
The synaptic tetramer is a product complex. The 3 end (the leaving group of the cleavage reaction) has moved about 14Å away www.annualreviews.org • Site-Specific Recombinationfrom the 5 phosphoserine and is held by an interaction between its phosphate and the wellconserved Arg-125 (of the partner subunit) (Figure 2d ) (98) . Although the path between the 3 end and the phosphoserine is open, it is not clear what conformational change would be necessary to bring them together. Arg-8 and Arg-68 interact with the nonbridging oxygens of the 5 phosphoserine, suggesting that this was also their role immediately precleavage, and Asp-67 interacts with Arg-68. Arg-71 no longer appears to contact the DNA but instead packs with residues in the mobile loop (residues 40-45); however, if it adopted the configuration seen in the presynaptic structure, it would be well positioned to interact with the phosphate 3 to the cleavage site.
Strand exchange. As the crystal structure of the resolvase synaptic tetramer indicates, strand exchange poses several substantial challenges (98) . The free 3 OH ends of the cleaved DNAs are far (about 50Å) from the phosphoserine groups they must attack to produce recombinants (and they appear to be well bound by the C termini of each E-helix); the 5 ends are covalently linked to the recombinase and are not free to move without accompanying protein motions; the space between the recombinant ends is filled with the resolvase catalytic domains, preventing diffusion of DNA ends across the gap; and both strands of each crossover site are broken, so that the complex is held together only by protein-protein interactions. In addition, topological analysis has shown that strand exchange involves a motion equivalent to a single 180
• rotation of one half of the complex relative to the other half. How, then, is this movement of the ends achieved?
Potential mechanisms of strand exchange depend on which pairs of ends in the tetramer structure need to be joined to form recombinants. The crossover sites could be approximately parallel or approximately antiparallel. If the sites are parallel, then the half sites labeled L and L would be joined to R and R, respectively (Figure 12a) . For antiparallel sites, however, L would be joined to L and R to R . Each of these scenarios poses a very different strand exchange problem within the tetramer structure.
The structure of the tetramer provides a conceptually simple and elegant way to recombine parallel crossover sites (98) . For this scenario, the left and right halves of the tetramer are separated by a remarkably flat interface with essentially no interlocking components (Figure 12ab) . Indeed the only specific interactions that appear to hold the two halves together in the orientation observed are those between the positive patches formed in each subunit by Arg-121 and Arg-125 and the complementary negative patches formed in the dimeric partner subunit by Asp-95 and Asp-96. The rest of the interface is highly hydrophobic. Li et al. (98) propose that strand exchange is accomplished simply by allowing the two halves of the tetramer to rotate relative to each other-a process called subunit rotation (21)-using the flat, hydrophobic interface both as a bearing and to maintain stable contact regardless of the relative orientation of the two halves. Calculations and modeling suggested that each flat surface can readily adjust its precise conformation so as to avoid any steric clashes during the proposed rotation (98) . The complementary positive and negative patches mentioned above may act to provide a gating mechanism that favors rotations in steps of 180
• and stabilizes a state that favors rejoining the half sites. Not only does this proposed mechanism account for the topological changes observed in recombination by resolvases and DNA invertases, but it also readily accounts for the processive cycles of 360 rotations that occur when strand exchange of cleaved but nonidentical crossover sites creates mismatches between potentially recombinant ends (114) .
If the appropriate alignment of crossover sites was antiparallel, not parallel, recombination by a simple process of subunit rotation would be sterically impossible. An alternative mechanism-domain swapping-has been proposed for facilitating strand exchange by serine recombinases (2, 120; M. Boocock, personal communication). In this process, the four E-helices forming the core of the synaptic complex are proposed to remain in place while a pair of catalytic domains, for example those attached to the two functional left half sites, break their interdomainal contacts and, rotating about the "hinge" that connects each to its E-helix, switch places. This would position the DNAs in a recombinant configuration. A conceptual advantage of the domain swap process is that the continued association of the Ehelices holds the synaptic complex together; a disadvantage is that the DNA-binding domains of the pair of subunits that switch would need to release their hold on the half sites that move. If one looks at the tetramer as a synaptic complex with antiparallel crossover sites, the subunit arrangement does appear to be compatible with a domain swap. The putative hinge regions of the diagonally opposed subunits are close-a prerequisite of the domain swap process (the Cα positions of Ile-103 are only 11Å apart). However, the antiparallel nature of the DNAs would mean that each moving half site would have to reverse its direction during the switch. Also, the two catalytic domains that would switch positions are not in contact and could not move as a single rigid body as originally proposed. Overall, the domain swap mechanism in the context of the tetramer structure appears rather implausible.
Since the mode of crossover site binding has a profound affect on possible strand exchange mechanisms, it remains crucial to determine whether recombination emanates from a parallel or antiparallel synapse. We are unaware of any definitive evidence for parallel rather than antiparallel crossover sites, although the parallel arrangement was favored by the phasing data of Leschziner & Grindley (107) and was also suggested to be the more likely alternative by Li et al. (98) on the basis of structural considerations of the complete resolvase synaptosome.
A variety of cross-linking experiments support the subunit rotation model. With the activated mutant of γδ resolvase, substitution of Val-114 with a cysteine enables efficient disulfide bond formation across the flat interface. The cross-linked species retains DNA cleavage activity but cannot perform recombination (unless the disulfide bond is reduced) (98) . This cross-link would be expected to prevent subunit rotation using the flat interface as a bearing, but because it links the E-helices, it would not prevent domain swapping. By contrast, a disulfide between cysteines at position A74C across the synaptic interface allows both cleavage and recombination (A. Sinha and N.D.F. Grindley, unpublished data); this cross-link is not predicted to prevent recombination of parallel crossover sites by subunit rotation but should prevent recombination of antiparallel sites by domain swapping.
Further strong support for the approximately parallel alignment of the crossover sites and for rotation at the flat interface as the mode of strand transfer is provided by cross-linking data with an activated, Fisindependent mutant of Hin when these data are examined in the context of the structure of the γδ resolvase synaptic tetramer. Cysteines at Hin residues S94C (or S99C) (equivalent to γδ resolvase residues Gly-96 and Ser-101 in the tetramer structure) can be readily cross-linked in synaptic complexes with cleaved crossover sites, using a thiol reagent with an 8Å linker (109) . The tetramer structure predicts that cross-links involving either of these residues would initially be between diagonally positioned resolvase subunits (e.g., L and R ). Following subunit rotation at the flat interface, L-and L -linked subunits exchange places so predicted crosslinks (still between diagonally positioned subunits) would join subunits at L and R. The Hin data indeed show a time-dependent switching of cross-linked pairs of subunits (identified by the DNA species to which each subunit is covalently linked) consistent with the predictions from the structure. Note that in the absence of the crystal structure, these Hin data are equally consistent with a domain swap model of strand exchange.
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Overall, the available evidence supports the proposal that the flat interface separates the two recombining halves of the synaptic tetramer, adding credence to the model of subunit rotation using this interface as a rotational bearing. That the flat interface develops from interlocking dimeric interfaces during the transition from the presynaptic to the synaptic state is fully consistent with it playing a functionally important postsynaptic role.
Complex Systems of Serine Recombinases: Regulating the Outcome of Recombination
The simplest recombination system, consisting of just four subunits of a single recombinase operating on two identical minimal crossover sites, cannot distinguish between intermolecular and intramolecular reactions or (unless crossover sites with asymmetric central sequences are used) between inversions and excisions. Biological reactions that require specificity must impose regulatory processes on the simplest system to promote the desired reaction and suppress the undesirable ones. Examples of such reactions are the Two stages of Tn3 transposition: the formation of the donor-target cointegrate, and its subsequent resolution. Transposase, responsible (along with the host cell replication machinery) for the first step, acts at the transposon ends. The site-specific recombinase, resolvase, acts at a site, res (red rectangle), within the duplicated transposon (light blue bars). Adapted from Reference 2.
excision-specific recombination systems mediated by the resolvases and the inversionspecific recombination systems promoted by the DNA invertases. Regulatory processes may operate at the level of synapsis, for example, by promoting synapsis of appropriate recombination sites or recombination site orientations, or they may operate at the level of catalytic activation by promoting the cleavage and strand exchange steps only from appropriate synaptic complexes.
Resolvases: excision specificity and the "topological filter." Serine recombinases that specifically promote an excision prevent catalysis of inversions and intermolecular recombination by requiring the formation of a topologically elaborate synaptic complex for activation of the recombinase. This process, initially elucidated for Tn3 resolvase, is conceptually similar to that used to constrain XerCD activity on dif and cer (see above) but uses different protein components.
The Tn3 and γδ paradigm. The first resolvase site-specific recombination systems discovered were those encoded by the related bacterial transposons Tn3 and γδ, and these remain the most thoroughly studied and best understood. When transposons of the Tn3 family move from one replicon to another, they form an intermediate, called a cointegrate, in which the entire donor replicon is inserted into the target with a copy of the transposon at each of the donor-target junctions (see Figure 14) . The transposonencoded resolvase protein acting at the two recombination sites, termed res sites, within the duplicated transposons, excises the donor replicon (along with one of the transposon copies), leaving the other copy in the target DNA. Two features of the resolvase systems ensure their excision specificity: the complexity of their recombination sites and the requirement that the substrates be negatively supercoiled.
The res sites of γδ and Tn3 are nearly 120 bp in length and contain three binding sites for dimers of resolvase (Figure 15a) (124) . The point of DNA breakage and reunion, also called the crossover point, lies at the center of site I, but the other two sites (II and III, also called the accessory sites) are required for the recombination process. Spacings between the sites are critical for activity (125) . A feature of the three binding sites, particularly unusual for DNA sites recognized by dimeric DNAbinding proteins, is that each has a different geometry; all consist of a head-to-head pair of 12-bp recognition sequences, but these sequences are separated by spacers of different lengths (4 bp, 10 bp, and 1 bp at sites I, II, and III, respectively). This variation indicates that the γδ resolvase dimer has an unusual flexibility (also seen in other serine recombinases) that enables the DNA-binding domains to reach over different distances along and around the DNA helix.
The accessory binding sites play a crucial regulatory role in resolvase-mediated recombination, preventing inversions or intermolecular recombination (i.e., integration) and, thus, ensuring that resolvase promotes only excisions. Synapsis is a prerequisite for site-specific recombination; nevertheless, single site I-bound dimers of γδ or Tn3 resolvase cannot form synaptic complexes. Rather, the minimal synaptically competent unit is a pair of dimers bound adjacently to sites II and III, with the subunits at II-L and III-L interacting specifically with each other using the crystallographically defined 2-3 interaction (126) (127) (128) (129) . Synapsis of two res sites is initiated when two such accessory site complexes interact (see Figure 16 ). Formation of this initial complex promotes the subsequent pairing of the two resolvase-bound site Is; this step also depends on the 2-3 interaction (this time, between subunits at site I-R and site III) as well as additional interactions between the site I-bound dimers (127) . The role of the 2-3 interaction could be either to abut the subunits thus creating a larger (and thus a more stable and effective) interaction surface or to distort the dimer conformation into a quaternary structure that favors synapsis (such as the scissoring of the E-helices to allow interdigitation of dimers as seen in the tetramer crystal structure).
The accessory site requirement inhibits inversion and intermolecular recombination by imposing what has been called a topological filter on the formation of a productive synapse (21, 102, 104, 105) . When two res sites synapse, they wrap around each other, trapping three (−) superhelical turns. Remarkably, synapsis of just the accessory sites also traps three (−) nodes (126, 130) . The res interwrapping is favored by negatively supercoiled substrate DNA but only under the specific circumstance of pairing two res sites in head-totail orientation on the same supercoiled DNA molecule (as shown in Figure 16a) . In all other circumstances, for example when two res sites are inverted or are on separate molecules, negatively supercoiled DNA operates to inhibit productive synapsis because formation of the res site interwraps imposes a compensatory DNA tangle elsewhere in the substrate that would be energetically unfavorable (e.g., Figure 16b ). An interesting consequence of the topological filter is that it operates even when the res sites are in the correct orientation on the same molecule, but the initial synapsis passively traps two or more extra interdomain supercoils (as would very likely occur when the two sites synapse by random collision but are separated by many kilobases of DNA) (see Figure 16c) . This explains why resolution in vitro yields catenated product circles that are invariably singly linked (131) . This property of resolvases contrasts dramatically with recombinases of the tyrosine family, such as λ Int, Flp, and Cre, which impose no topological filter and produce multiply catenated product circles when an excision reaction is performed on supercoiled substrates with well-separated recombination sites (126, 132, 133) . Molecular models for the synaptic complex formed by pairing accessory sites or complete res sites have been proposed on the basis of crystal structures of γδ resolvase in its presynaptic conformation (121, 134) . Despite their structural plausibility and their compatibility with experimental data for the 2-3 interaction between subunits at specific sites (127) , none of the models provides a satisfactory fit with the latest crystal structure of the resolvase synaptic tetramer. Curiously, although data indicating a 2-3 interaction between the site I-bound resolvase subunits and specific subunits within the accessory site synaptic complex appear to be very convincing, modeling additional subunits onto the synaptic tetramer via 2-3 interactions places them in positions that seem to make any synaptic interactions impossible (98). Our conclusion is that the 2-3 interactions between resolvase subunits at site I and at the accessory sites that are needed for assembly of the synaptic complex are likely to be broken during the formation of the synaptic tetramer.
The new structure of the synaptic tetramer raises the question of whether resolvase at synapsed accessory sites would also adopt the postsynaptic conformation. Existing data suggest that a transition to the conformation of the synaptic tetramer does not occur at the accessory sites. Resolvase dimers that are crosslinked by disulfide bonds, either at position 106 or between residues at 95 and 113, efficiently form accessory site synaptic complexes that readily support synapsis and recombination by wild-type resolvase at the two crossover sites (122, 135 ). Yet these cross-links should fix the dimers in a presynaptic state and prevent transition to the interdigitated conformation of the synaptic tetramer. This suggests that there is a stable synapsed state of resolvase that is distinct from that of the catalytically active tetramer. For a more complete molecular understanding of the role of the accessory site-bound resolvase subunits in the assembly of the crossover site synapse and the activation of catalysis, we await further structural information.
The Sin paradigm. The Sin recombinase is the prototype of a group of serine recombinases encoded by several large staphylococcal plasmids. The Sin recombination system differs from that of Tn3 and γδ resolvase in two significant ways (136, 137) . First, its res site, although complex, is only 86 bp long and binds just two dimers of Sin (see Figure 15) , and site II consists of direct (headto-tail) repeats of the 12-bp binding sequence. Second, recombination requires an architectural, DNA-bending protein such as E. coli HU or Bacillus subtilis Hbsu. Nevertheless, like the transposon-encoded cointegrate resolvases, Sin is specific for an excision reaction (its biological role is likely to be reducing plasmid dimers to monomers to ensure their stability), and the product of recombination in vitro is a pair of singly linked, catenated circles. Furthermore, additional topological analysis indicated that the synaptic complex trapped three interdomain supercoils. Rowland et al. (136) 
Figure 17
The hin and gin genes and inversion systems. The crossover sites (open arrows), bracketing the invertible DNA segments, and the enhancers (black rectangles within the hin and gin genes), bound by two dimers of Fis, are shown. P indicates the promoters of the inversion-regulated genes. Note that the left crossover site for Gin lies within the S gene so that the S gene product contains a constant and a variable portion: Sc-Sv in the orientation shown and Sc-Sv' after inversion.
integrations. In their model, they propose that Hbsu is used to facilitate a tight bend between sites I and II, allowing direct interactions between the Sin subunits at these sites. Consistent with this, protection assays have shown that when Sin is bound to sites I and II, Hbsu occupies the intervening DNA segment. In this model, Hbsu essentially replaces the DNA-bending role of γδ resolvase at site II of res, and Sin at site II of resH plays a similar role to γδ resolvase at site III.
One difference between Sin and Tn3/γδ resolvase is that Sin is catalytically active in the absence of synapsis (presumably as a dimer) and is able to cleave and rejoin isolated crossover sites (without site II or Hbsu) (136) . Thus, for Sin, synapsis, which is essential for the resolution reaction, may simply be a way of bringing together a pair of recombination sites in a controlled (that is excision-specific) manner. By contrast, for Tn3/γδ resolvase, synapsis not only brings the crossover sites together but also activates the recombinase.
DNA invertases: inversion specificity and the Gin/Hin paradigm. A number of serine recombinases specifically promote inversion of DNA segments to provide a switch between two alternative and mutually exclusive genetic states (3) . The best characterized of these are the very closely related proteins, Hin, which is responsible for the phenomenon of flagellar "phase variation" in Salmonella, and Gin, which enables phage Mu to infect alternative bacterial host strains. As shown in Figure 17 , inversion promoted by Hin switches the orientation of a promoter and, thus, turns on or off the expression of the adjacent genes; the hin gene lies within the 1-kb invertible segment. The action of Gin inverts an adjacent 3.0-kb DNA segment that contains alternative phage tail fiber genes. Remarkably, the Gin and Hin recombinases are interchangeable and are able to operate on each others recombination sites.
Complete in vitro recombination reactions with Hin or Gin generate inversions rapidly and efficiently, but intermolecular recombination is undetectable, and excisions (with substrates containing directly repeated recombination sites) are very rare (3, 117, 138) . What specifies this pronounced directional bias? As with the resolvases, requirements for a superhelical substrate and for complex recombination sites are key determinants. However, the recombination site complexity contrasts with that of the resolvase systems. There are no requirements for additional recombinase subunits and binding sites; instead an additional protein, Fis (factor for inversion stimulation, a homodimer of 98 aa subunits), and a specific DNA sequence to which Fis binds, called the enhancer, are needed (3, (139) (140) (141) . The enhancer, which contains two binding sites for the Fis dimer, separated by 48 bp (center-tocenter), operates independent of orientation and can be placed virtually anywhere in a plasmid substrate but must be provided in cis (3, 142) . The synaptic complex within which recombination takes place (also called the invertasome) is a three-looped structure that traps two interdomain negative supercoils and may form at the junction point of a branch in the supercoiled substrate (Figure 18) (112, 113, 143) . The three DNA segments at the branch point consist of the two crossover sites and the enhancer, and the complex contains two dimers of the recombinase and two dimers of Fis. Direct interaction between Fis and the recombinase is needed to activate double-strand cleavage of the crossover sites. However,
Figure 18
The invertasome, showing the −2 topology of the productive synapse. Crossover sites (red arrows) are bound by dimers of the recombinase (green subunits); the enhancer (blue bar) is bound by two dimers of Fis (pale blue ellipses). Two negative interdomain nodes are trapped by the threading of the enhancer. The recombinase tetramer has been drawn to show a flat interface (proposed to be the bearing for subunit exchange), separating the halves of the crossover sites to be exchanged. (inset) The invertasome, rotated 90 • , showing how threading of the enhancer and the Fis-Hin interactions stabilize a proposed + node, which is necessary for appropriately orienting the Hin tetramer. Note that all other DNA crossings are negative.
following strand exchange, the rejoining step appears to be Fis independent (113, 142) .
In contrast to the resolvase systems, the DNA invertases (along with Fis) do form active synaptic complexes with inappropriately oriented recombination sites. The DNA invertases synapse and cleave crossover sites that are directly repeated (with respect to their asymmetric central dinucleotides), but instead of producing the anticipated excision products, they efficiently convert the supercoiled DNA substrate into a knotted state (113, 138) . Topological analysis indicated that the knotted circles result from two (or an even number of) 180
• cycles of strand exchange. This showed that the crossover sites, despite their direct orientation in the substrate, were synapsed as if they had been inverted, forming a synaptic complex identical in structure and topology to the normal invertasome. As a consequence, a single 180
• cycle of strand exchange resulted in pairing of mismatched and unligatable crossover sequences (the 2-base 3 single-strand extensions resulting from the double-strand cleavages), necessitating a second 180
• rotation to occur before the sites could be rejoined. This second cycle restores the sites in their original (parental) configuration but because of the two negative supercoils, trapped by the synapse, converts the substrate into a trefoil knot (as this product is also a substrate, more complex knots are also produced by repetitions of the process). Not surprisingly, if crossover sites are modified to make the central dinucleotide symmetrical, then recombination by a DNA invertase yields inversion products regardless of whether the full recombination sites are inverted or directly repeated (138) .
How Fis activates catalysis by the DNA invertases remains a mystery, although a number of important facts have been determined by experiments with Hin (3, 144, 145) . Activation depends on a direct interaction between Fis and the recombinase. The Fis component appears to involve a surface at the tip of a flexibly connected β-hairpin arm formed by the N-terminal portion of Fis. Somewhat surprisingly, only one functional β-arm in each Fis dimer is needed for efficient activation (suggesting contact with only one subunit of each recombinase dimer). The region of Hin that contacts Fis remains to be determined, although the large separation of the two Fisbinding sites in the enhancer is most consistent with contacts to the outside of the Hin synaptic complex. It has been suggested that Fis induces a conformational change in the paired Hin dimers, which promotes cleavage and strand exchange.
Wild-type Hin, in contrast to Tn3/γδ resolvase, can efficiently pair isolated crossover sites, but these complexes are inactive in recombination (143) . This raises the possibility that Fis activates Hin by contacting the preformed Hin synaptic complex. However, there are problems with this scenario. First, activation is absolutely dependent on topological linkage of the enhancer and crossover sites; even high concentrations of Fis and enhancer when added in trans fail to activate Hin synaptic complexes (3, 142) . Second, the topology of the invertasome, with the requirement that two negative supercoils be trapped, is not easy to reconcile with action of Fis on a preformed Hin complex, since capturing these supercoils either depends on Hin synapsis randomly trapping a single enhancer-containing DNA segment within the supercoiled invertible domain or requires the Hin synapse to dissociate, allowing the enhancer-containing segment to pass between the crossover sites.
The structure of the resolvase synaptic tetramer and the strong hypothesis that the crossover sites form a local negative node and exchange by subunit rotation, using the flat interface as a swivel (98) , offer a new way of thinking about the role of the enhancer. We suggest that the most important role of Fis at the enhancer may be to ensure that the inverted crossover sites cross with a local negative node and, thus, position the flat interface of the synaptic tetramer such that rotations will cause an inversion. This crossing creates a positive global node (Figure 18 , inset), which would not be favored in a negatively supercoiled substrate in the absence of Fis [note that although negative with respect to the local (roughly parallel) orientations of the crossover sites, this node is globally positive because one site (and the arrow that represents it) is inverted with respect to the overall path of the DNA]. One way to facilitate assembly of this final structure would be for a Hin dimer bound to one crossover site to interact with a Fis dimer at the enhancer, forming the first ear of the invertasome. This half invertasome together with the second enhancer-bound Fis dimer would capture the second Hin-bound crossover site with the components of the initial half invertasome ensuring the correct final topology. Fis may activate the Hin recombination functions simply by stabilizing the Hin synaptic complex and providing a platform for the strand exchange steps, although a Fis-induced conformational change in the Hin tetramer remains a possibility (perhaps even mediated by mechanical/torsional effects imposed by twisting of the three DNA segments and Fis-invertase interactions).
Phage integrases: induced fit determines synapsis specificity. Phage integrases need to distinguish between intermolecular recombination, resulting in phage integration, and intramolecular recombination, resulting in prophage excision. The prototypical phage integrase (and tyrosine recombinase), λ Int, achieves this regulation by means of accessory sites and accessory proteins as described above.
A number of phage integrases that are serine recombinases and members of the large serine recombinase subgroup (5) appear to distinguish between integration and excision by a remarkably different (and still poorly understood) mechanism. The best studied of these integrases are those of the Streptomyces phage, φC31, and the mycobacteriophages, Bxb1 and φRv1. In each of these cases, the attP and attB sites are simple sites with central crossover points (attPs range from 40-52 bp, attBs from 34-40 bp) (146) (147) (148) (149) . Each integrase alone efficiently catalyzes integrative attP × attB recombination in vitro; however, despite binding with similar affinity to attL and attR, it cannot recombine them or any other pairs of sites (for example, attP × attL or attP × attR, even though these pairs have three of the four half sites arranged in the same way as the productive attP × attB pair). The block to recombining all other pairs of sites appears to be at the level of synapsis-the recombinase alone can only stably synapse attP with attB (149) (150) (151) .
How is the attP-attB pairing specificity achieved in the absence of other factors when all four att sites are equally well bound? A clue comes from the sequences of the sites. attP and attB appear to be surprisingly dissimilar in sequence; moreover, although each binds just a dimer of the integrase, the difference in their minimal lengths suggests that they bind the recombinase in a different manner. It is proposed that each binding site induces an attspecific conformation on the bound integrase dimer and that only the attP-and attB-specific conformations have the necessary complementary interfaces to form a stable synaptic complex (149, 150) . Following recombination, the conformations switch to the attL and attR specificities, the interface complementarity breaks down, and the complex dissociates into the separate integrase-bound attL and attR sites. Because these phages can also excise from their integrated state, the recombinases must be able to catalyze attL × attR recombination. φRv1 encodes an Xis protein (and the other phages are expected to do so too), and Xis not only enables the φRv1 integrase to promote attL × attR recombination, but it inhibits attP × attB recombination (147, 152) . These actions of Xis do not require any extra DNA sequences; minimal attL and attR sites are simply the recombinants of minimal attP and attB sites. Thus, it seems likely that Xis interacts directly with the att-bound integrase dimers to switch the conformation to a synapsis-competent state if they are bound to attL and attR but to a synapsis-incompetent state at attP and attB.
Serine recombinases as transposases: avoiding target-target recombination. A rather different regulatory issue occurs with the transposons such as Tn4451, Tn5397, or IS607. These elements move by sequential excision and insertion steps, with excision forming a circular transposon with abutted left and right ends. As with the phage integrases, the recombination sites are relatively small; by contrast, however, the recombinase is sufficient for both excision and integration (153, 154) . Because the transposition process requires that the transposase recognizes the target sites in addition to the ends of the transposon, a conceptual problem is that simultaneous recognition and synapsis of two target sites could result in a substantial chromosomal deletion.
How is this avoided? TnpX, the recombinase from Tn4451 and a member of the large serine recombinase subfamily, has been shown to bind to target sites with much lower affinity (about 100-to 1000-fold) than to either transposon end (153) . This helps reduce undesirable target-target interactions but (considering the large excess of potential target sites) is, alone, unlikely to eliminate them. An additional proposal is that binding of the recombinase dimer to an end-end junction induces a conformational change that enables it to capture and activate a second recombinase dimer, forming a tetrameric presynaptic complex poised for catalysis (153, 155) . The second dimer could be loosely bound to target DNA (leading directly to cleavage of target and transposon crossover sites as well as to strand exchange), or it could be a free dimer that then captures (perhaps more tightly) a target sequence.
SUMMARY AND PERSPECTIVES
Despite performing identical biological processes, two distinct classes of recombinase have evolved, with each family using entirely different mechanisms of DNA synapsis, cleavage, and strand exchange. One of the most significant differences lies in the general nature of the synaptic complexes formed. The synapse of the tyrosine recombinases, with the DNA held within a protein scaffold, allows strand exchange to occur with only very minor adjustments of the quaternary structure. The serine recombinase synapse, however, with a solid protein core on which the DNA sites bind, necessitates dramatic movements of DNA-linked protein subunits to achieve strand exchange.
The relative rigidity of the tyrosine recombinase synaptic complexes has made it possible for structural studies to achieve an almost complete series of snapshots, greatly increasing our understanding of the entire recombination process (16, 24, 36) . Thus far, perhaps hampered by the dynamics of the process, structural studies of serine recombinases have yielded two pictures (97, 98) , and much needs to be revealed before a complete understanding of DNA cleavage and strand exchange is achieved. Although the latest crystal structure is highly suggestive of a plausible, if unprecedented, mechanism for strand exchange, namely subunit rotation, those with interests in either site-specific recombination or protein motion await a direct demonstration. The process of synapsis is also not well understood for either family of recombinases. What might a dimer of Cre or Flp bound to a single site look like and does synapsis involve conformational acrobatics? How does the resolvase dimer transition into the interdigitated structure of the synaptic tetramer?
As we have indicated, the natural examples of site-specific recombination are not only numerous but also highly varied in their regulation, yet only a relatively small number have been investigated biochemically or structurally. Mechanisms of recombinase activation are all mysterious and await a detailed examination. Do interactions of the recombinases with accessory proteins directly promote conformational changes? Might twisting or bending forces on the DNA sites set up by the topological interlinking of crossover sites and accessory protein-binding sites as well as protein-protein interactions play a significant role? Many serine recombinases display a remarkable and unusual capacity to bind to DNA sites with differing sequences and geometries; these differences affect the behavior of the recombinases in intriguing but poorly understood ways that deserve a thorough investigation.
Many questions remain regarding the catalytic mechanisms of these enzymes, particularly the serine family. What are the roles of the individual residues that surround the scissile phosphate? How plastic are these roles within a family?
Finally, both families have expanded to include noncanonical members with unusual domain arrangements and interesting variations on the standard recombination scheme.
For example, what is the huge C-terminal extension of the large serine recombinases for? What enables some recombinases to show relaxed specificity for one of the partner sites? And does that play into the question of site-induced conformations? How do the telomere resolvases orchestrate hairpin formation rather than strand exchange? How do the integron integrases utilize their noncanonical recombination sites? And how many other uses are there for these versatile enzymes?
